Peroxynitrite (ONOO-) anion, formed by the interaction of superoxide with nitric oxide (NO), has previously been implicated as a cytotoxic agent. However, the effects of this free radical species on neutrophil (PMN)-endothelial cell interactions is largely unknown. We investigated the direct actions of ONOO-on PMN adhesion to endothelial cells in vitro and in vivo, as well as the effects of ONOO-on PMN-mediated myocardial ischemia-reperfusion injury. In vitro, peroxynitrite (100-1,000 nM) inhibited the adhesion of rat PMNs to the endothelium of isolated thrombin-or H2O2-stimulated rat mesenteric artery (P < 0.01 vs. thrombin or H2O2 alone). In vivo, in the rat mesentery, thrombin (0.5 U/ml) or N(G)-nitro-Larginine-methyl ester (50 microM) significantly increased venular leukocyte rolling and adherence, which were also significantly (P < 0.01) attenuated by ONOO (800 nM) accompanied by reduced P-selectin expression on the endothelial cell surface. Isolated perfused rat hearts were subjected to global ischemia and reperfusion with rat PMNs (10(8) cells), which resulted in profound cardiac depression (i.e., a marked reduction in left ventricular developed pressure and maximal rate of development of left ventricular pressure). Infusion of ONOO-reversed the myocardial contractile dysfunction of ischemicreperfused rat hearts to near baseline levels, and markedly attenuated the accumulation of PMNs in the postischemic heart. The present study provides strong evidence that nanomolar concentrations of ONOO-both inhibit [ 
Introduction
In recent years, considerable research has focused on the physiological, biochemical, and molecular actions of nitric oxide (NO) in normal physiological processes as well as during pathological conditions. NO, at low nanomolar concentrations, has been shown to modulate a number of physiological processes relating to vascular reactivity (1), platelet function (2), leukocyte-endothelial cell interactions in the microcirculation (3) (4) (5) , and vascular permeability (6) . In this regard, these concentrations of NO have been shown to be cytoprotective in a number of experimental vascular disease states including ischemia-reperfusion injury (7, 8) , respiratory distress syndromes (9) , intimal hyperplasia associated with vessel injury (10) , atherosclerosis (11) , and vascular thrombosis (12) . However, other experimental studies have suggested that micromolar concentrations of NO are cytotoxic and contribute to cell injury in a variety of disease states including disorders of the lung (13), endotoxic and hypovolemic shock states (14, 15) , ischemia-reperfusion injury (16) , and anoxia-reoxygenation injury (17) . Moreover, it has been suggested that the purported toxic effects of NO are a result of the formation of a free radical species formed via the interaction between NO and superoxide, which has been reported to be peroxynitrite (ONOO Ϫ ) (18). Beckman et al. (19) first reported that NO and superoxide could combine to form ONOO Ϫ and that the resulting acid, peroxynitrous acid, was a major source of the biologically active hydroxyl radical. Furthermore, it has been proposed (19) (20) (21) (22) that the hydroxyl radical formed from peroxynitrite is highly cytotoxic and can result in profound cellular injury and cell death. Szabo et al. (22) reported that peroxynitrite is formed during endotoxemia and contributes to the cellular injury associated with both endotoxic and hemorrhagic shock. Moreover, this injury could be avoided by inhibition of NO production (22) . Ischiropoulos and Al-Mehdi (23) have recently reported that peroxynitrite can cause protein fragmentation via oxidative stress, and that peroxynitrite-mediated inactivation of important regulatory proteins may contribute to its toxicity. In this regard, peroxynitrite is thought to be involved in ischemic rat lung injury (20) and in the lung injury associated with endotoxemia (21) . Moreover, Schulz and Wambolt (16) have reported that some free radical species, possibly peroxynitrite, contributes to the myocardial contractile dysfunction associated with myocardial ischemia and reperfusion.
In contrast with these reports, others have found that peroxynitrite can mediate a number of physiological processes that may be beneficial and can potentially result in cellular protection. For example, ONOO Ϫ produces vascular relaxation in isolated dog and human coronary arteries (24, 25) . Additionally, Wu et al. (26) have demonstrated that ONOO potent inhibitor of platelet aggregation (27) . Despite numerous investigations into the biological effects of ONOO Ϫ , very little is actually known regarding the actions of this free radical species on the function of polymorphonuclear leukocytes. Accordingly, we sought to determine the effects of physiologically relevant concentrations of ONOO Ϫ on PMN-endothelial cell interactions both in vitro and in vivo. More specifically, we investigated the effects of nanomolar concentrations of ONOO Ϫ on PMN adherence to rat superior mesenteric artery in vitro as well as on leukocyte-endothelial interactions in postcapillary venules in vivo. Finally, we investigated the role of ONOO Ϫ on PMN-mediated myocardial reperfusion injury in isolated perfused rat hearts.
Methods
Peroxynitrite. Peroxynitrite was obtained from the Alexis Corp. (San Diego, CA), prepared fresh, and shipped via express mail and stored at Ϫ 80 Њ C. The peroxynitrite was synthesized from acidified nitrite and hydrogen peroxide according to Beckman et al. (28) . The concentration of peroxynitrite was monitored each day before use by measuring the increase in absorbance at 302 nm after the addition of 5 l of peroxynitrite in 3 ml of 1 N sodium hydroxide at pH 12. In addition, peroxynitrite was also obtained as a gift from Dr. Harry Ischiropoulos at the University of Pennsylvania, which was used on the day it was received and was periodically checked spectrophotometrically. Only ONOO Ϫ , which was verified to be Ͼ 95% of the stipulated concentration, was used in these studies. To account for the effects of nitrite, hydrogen peroxide, and sodium chloride, we used a decomposed form of peroxynitrite prepared from the same stock as the active form of peroxynitrite (Alexis Corp.). In addition, NaOH titrated to pH 12 or physiological buffers at the same pH as ONOO Ϫ (i.e., pH 8.4, in vivo) were used as controls to account for the effects of pH on the various physiological preparations.
Vascular reactivity of rat aorta. Rats were anesthetized with sodium pentobarbital (40 mg/kg; Abbott Laboratories Diagnostic Division, Chicago, IL); a median sternotomy was performed and the thoracic aorta was isolated and placed in warm Hepes buffer consisting of (in mmol/liter): NaCl, 145; Hepes, 10; glucose, 5.5; KCl, 4.8; CaCl 2 , 1.75; MgSO 4 , 1.2; KH 2 PO 4 , 1.2; and disodium EDTA, 0.03. The surrounding connective tissue was removed from the aorta, which was cut into rings 2-3 mm in length. The rings were then mounted on stainless steel hooks, suspended in 7-ml tissue baths containing Hepes buffer, and aerated with 95% O 2 and 5% CO 2 . Force displacement transducers (FT-03; Grass Instrument Co., Quincy, MA) were used to measure changes in developed force, which were recorded on an oscillographic recorder (Model 7; Grass Instrument Co.). A resting force of 1 g was applied to the aortic rings, and they were then allowed to equilibrate for 90 min at 37 Њ C, during which time the buffer in the organ bath was replaced every 10 min. A resting stable contraction was obtained by addition of 10 nM 9,11-methanoepoxy PGH 2 (BIOMOL Research Laboratories Inc., Plymouth Meeting, PA). After addition of 5 M ONOO Ϫ , 100 nM acetylcholine chloride (Sigma Chemical Co., St. Louis, MO) was added to several of the ring baths to determine the ability of an endothelium-dependent dilator to relax the aortic rings in the presence of ONOO Ϫ . After two to three washouts, most of the rings were tested with ONOO Ϫ (500 nM-50 M) at pH 12, and NaNO 2 (0.1, 1, 10, 100 M; Sigma Chemical Co.). As controls, the same procedures were repeated using a pH 12 Hepes solution and pH-inactivated control ONOO Ϫ (Alexis Corp.). Neutrophil adherence to superior mesenteric artery endothelium. Rats received a 10-ml injection of 0.5% glycogen i.p. (Sigma Chemical Co.). 18 h later, the rats were anesthetized with ethyl ether. The neutrophils were then collected by peritoneal lavage in PBS and centrifuged at 3,000 rpm at 4 Њ C for 10 min. The neutrophils were again washed in PBS, isolated and labeled with a Zynaxis PKH-2 cell linker (Sigma Immunochemicals, St. Louis, MO) as described previously (29 3 , and cleaned of all external adipose and loose connective tissue. Segments were then sectioned into 2-3-mm rings, opened, and placed into wells containing 2 ml K-H ϩ 2% BSA solution. SMA arterial segments were incubated with either 2 U/ml thrombin (Sigma Immunochemicals) or 100 M H 2 O 2 for 10 min at 37 Њ C to induce P-selectin surface expression on the endothelium. ONOO Ϫ (100 nM and 1 M) was added 3 min before the addition of thrombin or H 2 O 2 .
Labeled PMNs (10 6 cells) and rat SMA arterial segments were incubated for 20 min at 37 Њ C and the arterial segments were washed in K-H buffer and placed endothelial side up on microscope slides. The number of adherent PMNs was counted using epifluorescence microscopy (Nikon Diaphot; Nikon Inc., Garden City, NY). Five different fields of each endothelial surface were counted and the results expressed as adherent PMNs/mm 2 of endothelial surface as previously described (29) .
Intravital microscopy. Male Sprague-Dawley rats, weighing 250-275 g, were anesthetized with sodium pentobarbital (40 mg/kg) administered intraperitoneally. A tracheotomy was performed to maintain a patent airway throughout the experiment. The left carotid artery was cannulated to monitor mean arterial blood pressure on an oscillographic recorder using a pressure transducer (Statham P23AC; Gould Inc., Cleveland, OH). A jugular vein was also cannulated for administration of supplemental sodium pentobarbital, as needed, to maintain a surgical plane of anesthesia throughout the experiment.
The abdominal cavity was opened via a midline laparotomy and a loop of ileal mesentery was exteriorized through the midline incision and placed in a temperature controlled fluid-filled plexiglass chamber for observation of the mesenteric microcirculation via intravital microscopy, according to previously described methods (30, 31) .
The rats were allowed to stabilize for 20-30 min after surgery, and then a 30-50 m diameter postcapillary venule was chosen for observation. A baseline recording was made to establish basal values for leukocyte rolling and adherence. Video recordings were made at 30, 60, 90, and 120 min after initiation of superfusion for quantification of leukocyte rolling and adherence. The mesentery was then superfused with N G -nitro-L -arginine-methyl ester (L-NAME) (50 M; Sigma Chemical Co.) or thrombin (0.5 U/ml) in modified Krebs-Henseleit solution for 120 min. Peroxynitrite (0.8 M diluted in 8.4-pH K-H buffer) was directly applied to the exposed mesenteric microvasculature by a 120-min superfusion at a flow rate of 25 l/min. Immediately thereafter, L-NAME or thrombin superfusion of mesentery was initiated. In five additional rats, the ONOO Ϫ superfusion was terminated after 30 min, and fresh 0.5-U/ml thrombin superfusion continued for an additional 90 min.
The number of rolling and adhered leukocytes were determined off-line by playback of the videotape. Leukocytes were considered to be rolling if they were moving at a velocity significantly slower than that of red blood cells. Leukocyte rolling is expressed as the number of cells moving past a designated point per minute (i.e., leukocyte flux). A leukocyte was judged to be adherent if it remained stationary for Ͼ 30 s (32). Adherence is expressed as the number of adherent leukocytes/100 m of vessel length. Red blood cell velocity (V) and venular diameter (D) were used to calculate venular wall shear rate (g) employing the formula g ϭ 8 (Vmean/D) (Vmean ϭ Vrbc/1.6) (32).
Immunohistochemistry. Immunohistochemical localization of P-selectin was determined in intestinal venules after intravital microscopy was completed. Both the superior mesenteric artery and superior 1. Abbreviations used in this paper: dP/dt max, maximal rate of development of left ventricular presence; K-H, Krebs-Henseleit solution; L-NAME, N G -nitro-L -arginine-methyl ester; LVDP, left ventricular developed pressure; MPO, myeloperoxidase; SMA, superior mesenteric artery. mesenteric vein were then rapidly cannulated for perfusion fixation of the small bowel. The ileum was first washed free of blood by perfusion with Krebs-Henseleit buffer warmed to 37 Њ C and bubbled with 95% O 2 and 5% CO 2 . Once the venous perfusate was free of red blood cells, perfusion was initiated with iced 4% paraformaldehyde mixed in phosphate-buffered 0.9% NaCl for 5 min. A 3-4-cm-long segment of ileum was isolated from the perfused intestine and fixed in 4% paraformaldehyde for 90 min at 4 Њ C. The ileum was then cut into rings, and the tissue dehydrated using graded acetone washes at 4 Њ C. Tissue sections were embedded in plastic (Immunobed; Polysciences Inc., Warrington, PA), and 4-m-thick sections were cut and transferred to Vectabond-coated slides (Vector Laboratories, Inc., Burlingame, CA) and immunohistochemical localization of P-selectin was accomplished using the avidin-biotin immunoperoxidase technique, as previously described (29, 33) . Positive staining was defined as a venule displaying brown reaction product on Ͼ 50% of the circumference of its endothelium. 50 venules per tissue sample were examined and the percentage of positive staining venules was tallied in three to four rats per group.
Isolated heart experiments. Male Sprague-Dawley rats (250 to 300 g) were heparinized with 1,000 U sodium heparin (Abbott Laboratories Diagnostic Division) and anesthetized with 40 mg/kg sodium pentobarbital i.p. The hearts were rapidly excised, the ascending aorta was cannulated, and retrograde perfusion was initiated. The hearts were perfused with a Krebs bicarbonate perfusate of (in mmol/liter): glucose, 17; sodium chloride, 120; sodium bicarbonate, 25; calcium chloride, 2.5; EDTA, 0.5; potassium chloride, 5.9; and magnesium chloride, 1.2 at 37 Њ C and a constant pressure of 80 mmHg. The perfusate was bubbled with 95% O 2 -5% CO 2 . Two sidearms in the perfusion line located just proximal to the heart cannula allowed infusion of PMNs and plasma directly into the heart. To assess contractile function, a microtip catheter transducer (Millar Instruments Inc., Houston, TX) was inserted directly into the left ventricular cavity as reported previously (7) . Left ventricular pressures, maximal rate of development of left ventricular pressure ( ϩ dP/dt max), Ϫ dP/dt min, coronary flow, and heart rate were recorded using a Mac Lab data acquisition system (ADI Diagnostics Inc., Rexdale, Ontario, Canada) in conjunction with a Macintosh 7200 computer (Apple Computers, Cupertino, CA).
Rat plasma. Whole rat blood was obtained by performing an open-chest intracardiac puncture using a 10-ml plastic syringe with a 20-gauge needle (Becton Dickinson and Co., Franklin Lakes, NJ) containing 2,000 U sodium heparin. To obtain platelet-poor plasma, the whole blood was immediately spun in a refrigerated centrifuge (GSGR; Beckman Instruments, Inc., Fullerton, CA) at 3,000 rpm for 25 min. The plasma layer was collected and stored at 4 Њ C until it was used in the isolated perfused heart (i.e., within 1 h).
Experimental protocol. After a 15-min stabilization period, baseline left ventricular developed pressure (LVDP), ϩ dP/dt max, and coronary flow were measured every 5 min for 15 min to ensure complete equilibration of the hearts. Flow of Kreb's perfusate was stopped, creating global, zero-flow ischemia for 20 min. Reperfusion of the hearts was instituted by the complete restoration of flow of buffer to the heart. At 5 min of reperfusion, 10 8 rat PMNs isolated as described previously were infused into the hearts in combination with 5.0 ml of freshly isolated rat plasma. The PMN-plasma mixture was infused directly into the hearts via a set of side ports situated in the perfusion line just proximal to the aorta over a 5-min period. The PMNs were suspended in 5.0-ml of Krebs buffer contained in a 5.0-ml syringe and the plasma was placed in a separate 5.0-ml syringe. ONOO Ϫ was added to the plasma syringe just before infusion. The hearts were allowed to reperfuse for a total of 45 min, during which time data were collected every 5 min for the first 30 min and at the 45-min time point.
Determination of cardiac tissue myeloperoxidase. Myocardial tissue myeloperoxidase (MPO), an enzyme occurring virtually exclusively in neutrophils, was determined as described previously (34, 35) . 1 U of MPO is defined as that quantity of enzyme hydrolyzing 1 mmol of peroxide per minute at 25 Њ C. The assays were performed without knowledge of the group to which each sample originated.
Statistical analysis. All data are presented as means Ϯ SEM. Data were compared by ANOVA using post-hoc analysis with Fisher's corrected t test. All data on leukocyte rolling and adherence, arterial blood pressure, shear rates, coronary flow, and left ventricular function were analyzed by ANOVA incorporating repeated measures. P Յ 0.05 was considered statistically significant.
Results
Vascular reactivity of rat aorta. The experiments investigating the effect of ONOO Ϫ on vascular tone in isolated rings of rat aorta are summarized in Fig. 1 . Addition of ONOO Ϫ at a concentration of 5 M produced a 6.5 Ϯ 3.8% relaxation ( P ϭ NS) of rat aorta and 50 M produced a 37.7 Ϯ 9.3% relaxation of rat aortic rings ( P Ͻ 0.05 vs. NaOH at pH 12 or decomposed ONOO Ϫ ). We also investigated the effects of 50-500 nM of ONOO Ϫ on the vascular tone of the aorta and did not observe any detectable responses (data not shown). Finally, administration of either pH-inactivated ONOO Ϫ or NaOH at pH 12 had no significant effect on the vascular tone of rat aortic rings. Thus, ONOO Ϫ in the micromolar range exerted a significant vasorelaxant effect in isolated vascular tissue. Administration of 100 nM acetylcholine after addition of 5 M ONOO Ϫ resulted in a marked endothelium-dependent vasorelaxation of 68Ϯ8% (P Ͻ 0.01) indicating that concentrations of ONOO Ϫ up to 5 M do not impair the release of NO from the endothelium.
In vitro adherence of PMNs to superior mesenteric artery endothelium. Thrombin stimulation of isolated SMA resulted in a marked increase in the adhesion of unstimulated rat PMNs to isolated rat SMA endothelium (Fig. 2, top) . The number of adherent PMNs/mm 2 increased sevenfold in thrombin-stimulated SMA endothelium compared with control SMA endothelium. ONOO Ϫ (100 nM) reduced PMN adhesion to thrombin-stimulated SMA segments by 58% (P Ͻ 0.01 vs. thrombin alone) and ONOO Ϫ (1 M) reduced PMN adhesion to 63% (P Ͻ 0.01 vs. thrombin alone). Comparable results were obtained with 100 M H 2 O 2 as the endothelial stimulant (Fig. 2, bottom) . Thus, ONOO Ϫ significantly attenuated the adhesion of unstimulated rat PMNs to thrombin-stimulated superior mesenteric vascular endothelium in vitro.
Intravital microscopy of the rat mesentery. Data for leukocyte rolling and adherence to mesenteric postcapillary venules are summarized in Fig. 3, A and B. In the present study, we examined venules ranging from 43Ϯ6.7 to 51Ϯ4.3 m in diameter and there were no differences in venular diameter between any of the groups studied. Similarly, the venular shear rates were very similar in all of the study groups, ranging from 553Ϯ30 to 614Ϯ41 s
Ϫ1
. Thrombin (0.5 U/ml) markedly increased leukocyte rolling at 60-120 min after administration (Fig. 3 A) . Addition of ONOO Ϫ (800 nM) significantly attenuated the increase in leukocyte rolling (P Ͻ 0.05 or P Ͻ 0.01 vs. thrombin alone) at 30-120 min. In contrast, the addition of ONOO Ϫ under control conditions had no significant effect on leukocyte rolling in the rat mesentery. Similarly, leukocyte adherence was significantly increased at 30-120 min after thrombin stimulation of the mesentery, and this response was virtually abolished by 800 nM ONOO Ϫ . In parallel experimental studies, we investigated the effects of ONOO Ϫ (800 nM) on leukocyte rolling and adhesion after induction of P-selectin with L-NAME (50 M). ONOO Ϫ also significantly inhibited the L-NAME-mediated increase in leukocyte rolling and adherence to a comparable degree to its effects on thrombinstimulated mesenteries. Thus, 50 M L-NAME increased leukocyte rolling fivefold, and leukocyte adherence sevenfold at 120 min. Addition of 800 nM ONOO Ϫ with L-NAME reduced leukocyte rolling at 120 min to 12Ϯ4 and attenuated adherence to 1.5Ϯ0.3 (P Ͻ 0.01 from L-NAME alone for both rolling and adherence). We also tested the effects of pH-inactivated ONOO Ϫ on the thrombin-mediated increases in leukocyte rolling and adherence and determined that this decomposed form of peroxynitrite had no effect on leukocyte-endothelial Thrombin markedly enhanced leukocyte rolling along the venular endothelium from 30 to 120 min, which was markedly attenuated by superfusion of the mesentery with ONOO Ϫ () (800 nM). *P Ͻ 0.05; *P Ͻ 0.01 vs. baseline or ONOO Ϫ alone (ᮀ). (B) Leukocyte adherence to rat mesenteric postcapillary venules expressed as the number of leukocytes adhered to 100-m length of venule, as observed by intravital microscopy. All values are meansϮSEM. Thrombin ( ) (0.5 U/ml) significantly increased leukocyte adherence, which was inhibited by ONOO Ϫ 30-120 min after thrombin administration (), *P Ͻ 0.05; **P Ͻ 0.01 vs. baseline or ONOO Ϫ alone (ᮀ).
cell interactions. Under these conditions, leukocyte rolling increased from 12Ϯ4.6 at baseline to 69Ϯ15 cells/min at 120 min, and adherence increased from 2.8Ϯ0.9 at baseline to 16Ϯ3.2 cells/100 m at 120 min. Clearly, decomposed ONOO Ϫ did not alter leukocyte adhesive interactions in mesenteric venules. Finally, we tested the reversibility of the ONOO Ϫ effect on leukocyte rolling and adherence. Five additional rats were superfused with 0.5 U/ml thrombin along with 800 nM ONOO Ϫ . After 30 min, leukocyte rolling was only 17Ϯ2.2 WBCs/min and leukocyte adherence was only 3.1 WBCs/100 m venule. We then terminated the ONOO Ϫ superfusion and added fresh thrombin. At 120 min, leukocyte rolling had increased to 54Ϯ1.4 WBCs/min and leukocyte adherence increased to 12.5Ϯ0.9 WBCs/100 m. These values are both significantly elevated from the 30-min ONOO Ϫ value (P Ͻ 0.01), indicating that ONOO Ϫ does not irreversibly damage the leukocyte or the endothelial cell adhesion molecules.
Surface P-selectin expression in intestinal venules. Immunostaining was used to measure the extent of surface expression of P-selectin in rat intestinal venules after stimulation with either L-NAME (50 M) or thrombin (0.5 U/ml). Immunohistochemical data are expressed as the percentage of positive venules and are presented in Fig. 4 . Basal expression of P-selectin was observed in ‫ف‬ 10% of all venules and this was significantly increased (P Ͻ 0.001 vs. control ONOO Ϫ ) to 70-80% in L-NAME and thrombin-stimulated mesenteries. Pretreatment with ONOO Ϫ significantly reduced the surface expression of P-selectin that was observed after stimulation with either L-NAME (P Ͻ 0.01) or thrombin (P Ͻ 0.05). These data, together with the leukocyte rolling and adherence data in the rat mesentery, clearly indicate that high nanomolar concentrations of ONOO Ϫ inhibit leukocyte-endothelial cell interactions in vivo by a P-selectin-dependent mechanism.
Ischemia-reperfusion of isolated rat hearts. To determine whether these effects of ONOO Ϫ attenuating leukocyte-endothelial interactions can translate into a meaningful effect in a carefully controlled model, we tested ONOO Ϫ in a well characterized model of myocardial ischemia reperfusion. Accordingly, we perfused rat hearts that were subjected to 20 min of Figure 4 . Quantification of immunohistochemical staining of P-selectin in rat intestinal venules after administration of L-NAME (50 M) or thrombin (0.5 U/ml). ONOO Ϫ (800 nM) significantly attenuated the surface expression of P-selectin. 50 venules were counted in each rat sample and 10 samples were analyzed in each group of three to four rats. Ϫ (800 nM) was infused after ischemia and reperfusion ϩ PMNs (᭡-᭡). All values are meansϮSEM of six to eight hearts in each group. *P Ͻ 0.05 and **P Ͻ0.01 between the two PMN groups. 0, preischemic baseline. Figure 6 . Left ventricular developed pressure expressed in mmHg in rat hearts after ischemia and reperfusion. Ischemic hearts were reperfused in the presence (᭹-᭹) or absence (-) of PMNs. In addition, ONOO Ϫ (800 nM) was infused after ischemia and reperfusion ϩ PMNs (᭡-᭡). ONOO Ϫ treatment markedly improved postischemic LVDP throughout reperfusion. *P Ͻ 0.05 and **P Ͻ 0.01 between the two PMN groups. 0, preischemic baseline. ischemia and 45 min of reperfusion with or without rat PMNs (10 8 ). Physiological data recording included measurement of coronary flow, LVDP, and left ventricular (LV) ϩdP/dt max. These data are presented in Figs. 5-7. Hearts subjected to ischemia and reperfusion in the absence of PMNs exhibited recovery of all physiological variables to baseline levels by 45 min of reperfusion. In contrast, infusion of rat PMNs at 5-10 min after reperfusion resulted in a significant and sustained reduction in coronary flow (Fig. 5) as well as a significant impairment of LVDP (Fig. 6) and LV ϩdP/dt (Fig. 7) throughout the entire 45-min reperfusion period. In contrast, infusion of peroxynitrite in the presence of PMNs resulted in a significant degree of cardioprotection in terms of coronary flow, LVDP, and ϩdP/dt max. Thus, ONOO Ϫ preserved cardiac performance in the face of significant PMN challenge in the isolated, ischemic-reperfused rat heart. Biochemical analysis of myeloperoxidase activities in ischemic-reperfused hearts was performed to assess myocardial PMN accumulation, and these results are shown in Fig. 8 . In sham ischemic-reperfused hearts, cardiac MPO activity was low and similar to that observed in hearts subjected to ischemia and reperfusion without PMNs. However, cardiac MPO activity was elevated eightfold in ischemic-reperfused hearts receiving PMN infusion, and treatment with ONOO Ϫ resulted in a dramatic reduction (P Ͻ 0.001) in cardiac MPO activity to control values. Histological analysis of heart tissue specimens was used to confirm the degree of PMN accumulation in ischemic-reperfused hearts. ONOO Ϫ attenuated the infiltration of PMNs into heart tissue as the number of PMNs/ mm 2 of cross-sectional area of cardiac tissue was reduced from 154Ϯ10 to 26Ϯ3 (P Ͻ 0.001), a sixfold reduction. Thus, ONOO Ϫ clearly protects the ischemic-reperfused rat heart to a large measure by inhibiting PMN accumulation in cardiac tissue.
Discussion
Previous reports have claimed that peroxynitrite is a toxic substance that contributes to tissue injury in a number of biological systems (36) (37) (38) . Much of this previous work is based on high micromolar to millimolar concentrations of peroxynitrite studied in simple solutions or in isolated cells. In the present study, we provide important new evidence that nanomolar concentrations of ONOO Ϫ significantly inhibit leukocyteendothelial cell interactions both in vitro and in vivo. We found that ONOO Ϫ markedly inhibits the adhesion of isolated PMNs to thrombin-stimulated superior mesenteric artery endothelium, and attenuates leukocyte rolling and adherence on the mesenteric venular endothelium after stimulation of P-selectin surface expression either with thrombin or a nitric oxide synthesis inhibitor. In this setting, exogenously administered ONOO Ϫ significantly attenuated the upregulation of P-selectin on the surface of intestinal venules in vivo. Furthermore, we also determined that nanomolar concentrations of ONOO Ϫ significantly reduced the extent of PMN accumulation in the ischemic-reperfused rat heart that was associated with markedly improved postischemic myocardial contractile function. All of these findings point toward a cytoprotective action of nanomolar concentrations of ONOO Ϫ related to attenuation of leukocyte-endothelium interactions.
The metabolism of nitric oxide is complex, and NO has been shown to interact with a number of oxygen-derived free radicals including superoxide to form ONOO Ϫ , which can then be protonated to form peroxynitrous acid, a relatively stable oxidant species (18, 19) . It has been suggested that peroxynitrous acid can decompose spontaneously to form a potent oxidant (i.e., peroxynitrite) with reactive properties similar to that of hydroxyl radical (18) (19) (20) . Despite the lack of any direct and conclusive evidence for the formation of ONOO Ϫ in vivo, a number of in vitro studies have reported toxic actions of ONOO Ϫ . The majority of studies reporting cytotoxic actions of ONOO Ϫ in vitro have employed very high micromolar to low millimolar concentrations of ONOO Ϫ in a variety of sys- tems. These in vitro studies have fueled considerable speculation that ONOO Ϫ is an important mediator of tissue injury. It is therefore not surprising that ONOO Ϫ has been implicated in the toxicity associated with pulmonary disorders (20, 21) , myocardial ischemic injury (16) , and apoptosis (39) , as well as endotoxic and hemorrhagic shock states (22) . Much of the evidence for the injurious actions of ONOO Ϫ is based on indirect evidence, and we are unaware of any study that has directly measured the production of ONOO Ϫ in vivo under normal or pathological conditions.
In contrast with these studies, nanomolar concentrations of ONOO Ϫ have been reported to exert physiological effects that result in vascular relaxation and inhibition of platelet aggregation. Villa et al. (40) reported that ONOO Ϫ induced a concentration-dependent coronary vasodilation in isolated perfused rat hearts with an EC 50 of about 20 M, a value similar to that observed in the present study in rat aortic rings. Furthermore, low micromolar concentrations of ONOO Ϫ can cause relaxation of isolated bovine pulmonary arteries concomitant with the production of NO (26) . Indeed, ONOO Ϫ (1-30 M) decreases the vascular tone of isolated canine (24) and human coronary arteries (25) . ONOO Ϫ is also a potent inhibitor of human platelets when administered at low micromolar concentrations in vitro (27, 41) . Thus, ONOO Ϫ possesses a physiological profile similar to that of NO at nanomolar and low micromolar concentrations (42) . This is an extremely important point since it is highly unlikely that ONOO Ϫ can be formed or accumulate in vivo at concentrations greater than 1-5 M. This is because ONOO Ϫ forms from the equimolar interaction between NO and superoxide radicals (43). NO is formed normally at 1-20 nM (1, 42), but can increase to higher levels in disease states. However, the half-life of ONOO Ϫ is about 1 s, and the effective concentration of ONOO Ϫ would be in the nanomolar range even in disease states. Recently, Miles et al.
(43) have shown that ONOO Ϫ forms optimally from equimolar concentrations of NO and superoxide, and that inequality of either precursor greatly limits production of ONOO Ϫ . Therefore, it is highly unlikely for ONOO Ϫ to achieve the high micromolar to millimolar concentrations that are necessary to exert significant toxic effects (44) .
Recently, Mayer et al. (45) reported that ONOO Ϫ induced a pronounced increase in endothelial cell cyclic GMP levels and that in biological systems ONOO Ϫ causes S-nitrosation of cellular thiols resulting in NO-mediated cyclic GMP accumulation. It was also demonstrated (44) that ONOO Ϫ stimulated purified soluble guanylyl cyclase with a half-maximally effective concentration of ‫ف‬ 20 M. In addition, ONOO Ϫ was found to react with sugars or other compounds containing alcohol groups to form NO donors that produce vasodilation and inhibit platelet aggregation (46) . These data suggest that ONOO Ϫ can serve as an NO donor under physiological conditions and can thereby regulate vascular homeostasis by virtue of its ability to release NO. This effect would be consistent with the data presented in this report.
It is now well established that NO is a potent modulator of leukocyte adhesion to the endothelium (3) (4) (5) . A number of previous studies have clearly demonstrated antineutrophil properties of NO in vivo as well as in vitro (5) (6) (7) (8) . Administration of authentic NO (47) , NO donors (7, 8) , or the NO precursor l-arginine (48, 49) have all proven to be highly beneficial in a number of inflammatory disease states including ischemiareperfusion injury. Furthermore, we have recently shown (5, 30) that NO inhibits the expression of P-selectin on endothelial cells. Recently, DeCaterina et al. (50) have shown that nitric oxide inhibits the expression of intercellular and vascular cell adhesion molecules-1, two other endothelial cell adhesion molecules. Inhibition of adhesion molecule expression is likely to be a key mechanism of the antileukocyte actions of NO. The results of the present study indicate that ONOO Ϫ can also interfere with the interactions between circulating leukocytes and the vascular endothelium, largely due to attenuating endothelial cell expression of P-selectin after stimulation with thrombin or L-NAME. The degree of attenuation of P-selectin upregulation in intestinal venules by ONOO Ϫ is less than would be predicted by the degree of inhibition of leukocyte rolling. This is probably due to the fact that we superfused ONOO Ϫ onto the mesentery where it could readily diffuse to mesenteric venules, but would not so readily reach more distant intestinal venules where the immunolocalization was studied. This is consistent with earlier findings with NO in this same preparation (30) . Due to the potential NO-donating properties of ONOO Ϫ , it is likely that NO liberated from peroxynitrite is responsible for the inhibitory effects on P-selectin expression, but the precise mechanism of this immunomodulatory function of ONOO Ϫ remains to be determined. We also obtained evidence that the nanomolar concentrations of ONOO Ϫ we employed did not produce endothelial injury. Thus, after exposure to 500 nM and 5 M ONOO Ϫ , rat aortic rings were able to respond nearly fully to acetylcholine, an endothelium-dependent vasodilator. Moreover, in the intravital microscopy studies, cessation of ONOO Ϫ superfusion after 30 min resulted in a marked upregulation of both leukocyte rolling and adherence, indicating that the leukocyte and endothelial cell adhesion molecules were functional. Thus, it appears that nanomolar concentrations of ONOO Ϫ are not acutely toxic to the endothelium.
In summary, we have demonstrated that nanomolar concentrations of ONOO Ϫ markedly inhibit leukocyte adhesion to vascular endothelium in several physiological systems. ONOO Ϫ inhibited leukocyte rolling and adhesion within mesenteric venules largely in response to P-selectin expression. In addition, peroxynitrite reduced the degree of neutrophil-induced myocardial dysfunction after ischemia and reperfusion of the myocardium. To our knowledge, this is the first study to support the concept that ONOO Ϫ inhibits the expression of P-selectin on endothelial cells and thereby reduces leukocyte rolling and subsequent firm adhesion of leukocytes to the endothelium. Since inhibition of leukocyte rolling has been found to be beneficial in ischemia reperfusion (51) , these effects may be important in understanding the role of nitric oxide and its metabolites in pathophysiological states including ischemia-reperfusion injury and circulatory shock. This study is also the first to show that ONOO Ϫ protects against PMN-induced myocardial injury.
